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ORIGINAL ARTICLE 



Human salivary gland stem cells ameliorate 
hyposalivation of radiation-damaged rat salivary glands 

Jaemin Jeong 1,5 , Hyunjung Baek 1,5 , Yoon-Ju Kim 1 , Youngwook Choi 1 , Heekyung Lee 1 , Eunju Lee 1 , Eun Sook 
Kim 1 , Jeong Hun Hah 2 , Tack-Kyun Kwon 2 , Ik Joon Choi 3 and Heechung Kwon 1,4 

Salivary function in mammals may be defective for various reasons, such as aging, Sjogren's syndrome or radiation therapy in 
head and neck cancer patients. Recently, tissue-specific stem cell therapy has attracted public attention as a next-generation 
therapeutic reagent. In the present study, we isolated tissue-specific stem cells from the human submandibular salivary gland 
(hSGSCs). To efficiently isolate and amplify hSGSCs in large amounts, we developed a culture system (lasting 4-5 weeks) 
without any selection. After five passages, we obtained adherent cells that expressed mesenchymal stem cell surface antigen 
markers, such as CD44, CD49f, CD90 and CD105, but not the hematopoietic stem cell markers, CD34 and CD45, and that 
were able to undergo adipogenic, osteogenic and chondrogenic differentiation. In addition, hSGSCs were differentiated into 
amylase-expressing cells by using a two-step differentiation method. Transplantation of hSGSCs to radiation-damaged rat 
salivary glands rescued hyposalivation and body weight loss, restored acinar and duct cell structure, and decreased the amount 
of apoptotic cells. These data suggest that the isolated hSGSCs, which may have characteristics of mesenchymal-like stem 
cells, could be used as a cell therapy agent for the damaged salivary gland. 
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INTRODUCTION 

The salivary glands produce saliva, which contains several 
enzymes that have a crucial role in the digestion of food, 
especially starches and fats. 1 However, hyposalivation may be 
caused by aging, 2 Sjogren's syndrome 3 or radiation therapy in 
head and neck cancer patients. 4 Salivary gland hypofunction 
that reduces the flow of saliva decreases the quality of life by 
degrading dental and oral health. 5,6 In particular, radiation- 
induced salivary gland hypofunction has been observed in 
more than 60% of head and neck cancer patients undergoing 
radiotherapy. 7-9 Therefore, prevention and treatment of 
hyposalivation in this population is very important. 

Adult stem cells have been isolated from numerous organs 
in the body 10 and differentiated into target cell lineages, and 
they have thus been used as a therapeutic agent for many 
years. 11 ' 12 Mesenchymal stem cells (MSCs) isolated from the 
umbilical cord, 13 adipose tissue, 14 lung tissue 15 and bone 



marrow 16 have been used for healing applications because of 
their capacity for tissue regeneration, 17,18 trophic support 19-21 
and modulation of the innate immune response. 22 
Although they exhibit many common characteristics, some 
studies have shown important differences according to their 
origin with regard to morphology, colony formation, 
differentiation capacity and therapeutic effect. 23-26 For 
example, fat-derived MSCs exhibit better adipogenic 
differentiation than do bone marrow or placental MSCs, 
which suggests that origin- specific MSCs are favorable for 
treatment of the tissue of origin. 27 

In the present study, to ameliorate hypofunction of the 
radiation- damaged salivary gland, we developed a culture 
system for isolation of human salivary gland stem cells 
(hSGSCs) that requires 4-5 weeks, and we demonstrated for 
the first time that the differentiation capacities of these cells can 
be used as a therapeutic agent for the damaged salivary gland. 
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MATERIALS AND METHODS 

Isolation and culture of salivary gland- derived cells 

Human parotid and submandibular salivary glands were obtained 
during surgery at the Department of Otorhinolaryngology of Seoul 
National University Hospital. All aspects of this study were approved 
by the Ethical Committee of Seoul National University The salivary 
glands were dissected under a microscope in Dulbecco's modified 
Eagle's medium (DMEM)/F12 medium containing 0.1% collage - 
nase type I and type IV (Sigma, St Louis, MO, USA). The 
suspended tissues were incubated for 20min at 37 °C on a shaker 
and then further treated with 1 |igml -1 hyaluronidase for 20 min at 
37 °C, followed by mechanical dissection and gentle pipetting. The 
resulting salivary gland cells were seeded in a T75 flask coated with 
collagen type I and cultured in DMEM/F12 1:1 (Invitrogen, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum 
(FBS, Sigma), 1% penicillin/ streptomycin, 1% insulin-transferrin- 
selenium supplement (ITS-X, Gibco, Carlsbad, CA, USA), 10mM 
nicotinamide, 100 nM dexamethasone, ImM (3-mercaptoethanol, 
20ngml _1 hepatocyte growth factor (Prospec, East Brunswick, 
NJ, USA), 20ngml" 1 Oncostatin M (Prospec), 1000 U ml" 1 leu- 
kemia inhibitory factor (Chemicon, Billerica, MA, USA) and 
20ngml _1 epidermal growth factor (Prospec). The medium was 
replaced every 3 days. 

Mesenchymal lineage differentiation 

Cells cultured for 10 passages were treated with adipogenic, osteo- 
genic or chondrogenic medium for 3-4 weeks with change of medium 
twice weekly. The adipogenic medium consisted of DMEM supple- 
mented with 10% FBS, 2um insulin (Sigma), 500 jim 3-isobutyl-l- 
methylxanthine (Sigma), 1 um dexamethasone (Sigma), 200 um indo- 
methacin (Sigma) and 2 um insulin. To evaluate differentiation, cells 
were fixed with 4% paraformaldehyde for 20 min at room tempera- 
ture and stained with 0.5% Oil Red O in isopropanol for 30 min at 
room temperature. The osteogenic medium consisted of DMEM 
supplemented with 10% FBS, 0.1 um dexamethasone, 10mM 
3 -glycerophosphate and 50ugml _1 ascorbic-2-phosphate (Sigma). 
Alizarin red staining was performed to confirm osteogenic differ- 
entiation. For chondrogenic differentiation, 2 x 10 5 hSGSCs were 
seeded onto a 24-well plate. Differentiation medium containing 
0.1 jim dexamethasone, ImM L-proline, lOngml -1 transforming 
growth factor- (33 (Sigma) and 1% ITS was added to these cell pellets. 
To demonstrate the presence of glycosaminoglycans in specimens 
subjected to chondrogenic differentiation, we used Alcian Blue 
staining. 

Flow cytometry analysis 

Cells were washed three times with staining buffer (2% FBS in 
phosphate-buffered saline) and then incubated with primary 
antibodies for 30 min. The primary antibodies were fluorescein 
isothiocyanate- conjugated anti-CD49f (BD Biosciences, San Jose, 
CA, USA), R-Phycoerythrin (PE)-conjugated anti-CD90 (Ebioscience, 
San Diego, CA, USA), PE-conjugated anti-CD34, anti-CD44, anti- 
CD45 and anti-CD 105 (BD Biosciences). Positively stained cells were 
quantified using a FACS Calibur Flow Cytometer (BD Biosciences), 
and data were analyzed using CellQuest software (BD Biosciences). 

Reverse transcriptase-PCR analysis 

Total cellular RNA was extracted using Trizol reagent (Invitrogen) 
according to the manufacturer's protocol. Complementary DNA was 
prepared from 500 ng of total RNA by using Superscript II 



(Invitrogen) with oligo-dT primers. The resulting complementary 
DNA was amplified using SWT-MX-BLC-7 (Esco Micro Pte Ltd., 
Seoul, Korea), and PCR products were electrophoresed in 1% agarose 
and visualized using ethidium bromide staining (Supplementary 
Table SI). 

Differentiation of hSGSCs into amylase-expressing cells 

For differentiation of hSGSCs into amylase-expressing cells, a two- 
step differentiation was conducted. Differentiation medium 1 con- 
sisted of DMEM/F12 containing 1 x ITS, 10nM dexamethasone, 
lOngml -1 hepatocyte growth factor (HGF), lOngml -1 epidermal 
growth factor (EGF), lOngml" 1 oncostatin M (OSM) and 0.1% 
dimethyl sulfoxide, and was applied to the cells for 7 days. 
Differentiation medium 2 consisted of DMEM/F12 containing 1 x 
ITS, 10nM dexamethasone, lOngml -1 EGF and 0.5% dimethyl 
sulfoxide, and was applied to the cells for 14 days. To demonstrate 
the presence of amylase protein, we used immunocytochemistry with 
an anti-amylase antibody (Santa Cruz Biotechnology, Dallas, TX, 
USA). 

Animal experiments 

Male Wistar rats aged 6 weeks were used (Central Laboratory Animal 
Inc., Seoul, Korea). The head and neck area were irradiated with a 
single dose of 25 Gy using an X-RAD 320 X-ray irradiator (Precision 
X-ray Inc., North Branford, CT, USA) at a dose rate of 2Gymin -1 . 
After irradiation, animals were placed in a cage and given food and 
water ad libitum. One day after irradiation, 5 x 10 5 hSGSCs per gland 
were transplanted. All experiments were performed under a protocol 
approved by the KIRAMS Animal Care and Use Committee. 

Histology 

For salivary gland histology, 5-um-thick paraffin-embedded tissues 
were routinely stained with hematoxylin and eosin (Merck, Darm- 
stadt, Germany). Mucin and mucopolysaccharide-containing acinar 
cells were detected using periodic acid-Schiff's base. 

Terminal transferase-mediated dUTP nick-end labeling 
(TUNEL) assay 

Apoptotic cells in the salivary gland were evaluated using the 
ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore, 
Billerica, MA, USA), which is based on the indirect TUNEL method, 
following the manufacturer's protocol. Tissue sections were depar- 
affinized, hydrated and incubated with a reaction mixture containing 
TdT enzyme for lh at 37 °C, and then incubated with the anti- 
digoxigenin conjugate for 30 min at room temperature. 

Immunohistochemistry 

Immunohistochemistry was performed for the detection of human 
nuclei. Salivary gland sections were deparaffinized and subjected to 
antigen retrieval, and slides were blocked and labeled with a 
monoclonal anti-human nuclei antibody (Millipore) at a dilution of 
1:100 dilution. Immunohistochemistry was performed according to 
the manufacturer's protocol using the Vectastain ABC Elite kit (Vector 
Laboratories, Burlingame, CA, USA) with diaminobenzidine-based 
visualization. Counterstaining was performed using hematoxylin. 

Statistical analysis 

Differences between samples were assessed using one-way analysis of 
variance for independent samples. A *P value of <0.05 was defined as 
statistically significant. 
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RESULTS 

Isolation and characterization of mesenchymal-like hSGSCs 

To effectively isolate and amplify stem cells in large amounts 
from human salivary glands, we developed a culture system 
with duration of 4-5 weeks. Single-cell suspensions obtained 
by mechanical and enzymatic dissociation of tissue obtained 
from adult human salivary glands were grown in our 
optimized culture media as described in the Materials and 
methods (Figure la). After isolation, adherent cells showed 
mainly fibroblast-like morphology that was largely maintained 
during passaging in monolayer culture (Figure lb) and also 
high proliferation (Figure lc). To confirm the phenotype of 
isolated salivary gland cell populations, we conducted immu- 
nofluorescent staining. After five passages, isolated primary 
salivary gland cells were consistently positive for typical 
human MSC surface antigen markers, such as CD44, CD49f, 
CD90 and CD 105, which are known to participate in inter- 
actions with the extracellular matrix, whereas CD34 and CD45 
were not expressed (Supplementary Figure SI). In addition, 
MSC marker expression in salivary gland stem cells (SGSCs) 
has been confirmed by flow cytometry (Figure Id). These data 
suggest that hSGSCs can be isolated efficiently from the 
human salivary gland without requiring surface marker sort- 
ing, and the isolated cells express MSC surface markers. 

Differentiation of hSGSCs into three mesenchymal cell 
lineages 

To verify the MSC-like sternness of hSGSCs, we analyzed their 
differentiation into mesenchymal lineages in the presence of 
tissue- specific induction media. During culture in adipogenic 
medium, the morphology of cells gradually changed to a 
rounded shape, and fatty vacuoles were observed at day 21 of 
differentiation by Oil Red O staining (Figure 2a), whereas no 
fatty vacuoles were apparent in the undifferentiated condition 



(data not shown). Adipogenic gene expression was evaluated 
after induction. After 21 days of induction, proliferate r- 
activated receptor-y and lipoprotein lipase mRNA levels were 
slightly increased (Figure 2b). Osteogenic differentiation was 
evaluated by Alizarin red staining staining. Differentiated cells 
had spindle-like morphology after 21 days of induction, and 
almost the entire cell culture demonstrated positive staining 
(Figure 2c). Bone sialoprotein and osteocalcin mRNA levels 
were increased at day 21, but Runx2 mRNA levels did not 
change significantly (Figure 2d). To investigate chondrogenesis, 
salivary gland-derived cells were seeded into 48-well plates. 
Over time, pellets aggregated at the bottom of the plates. 
Chondrogenic differentiation was assessed by Alcian Blue 
staining to determine the amount of glycosaminoglycans and 
also by evaluating mRNA expression of aggrecan and collagen 
type II. As shown in Figures 2e and f, Alcian blue staining and 
chondrogenic aggrecan expression, but not collagen type II 
expression, were highly increased in differentiated MSCs. 
These data suggest that hSGSCs isolated using our technique 
have the capacity for differentiation into three mesenchymal 
lineages and are thus adult mesenchymal-like stem cells. 

Differentiation of hSGSCs into amylase-expressing salivary 
gland acinar cell lineage in vitro 

To determine whether MSC-like hSGSCs could differentiate 
into amylase-expressing cells, such as salivary gland acinar 
cells, we established a differentiation condition using several 
growth factors. hSGSCs were cultured under a two-step 
differentiation protocol for 21 days in vitro (Figure 3a). After 
differentiation, amylase expression was examined by western 
blot and reverse transcriptase- PCR (Figures 3b and c). On day 
21, but not on day 7, amylase was expressed at both the 
protein and mRNA levels. In addition, to further confirm 
amylase expression in the differentiated SGSCs, we performed 





48 96 
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Figure 1 Human salivary gland stem cells (hSGSCs) were isolated from the normal human submandibular salivary gland, (a) Colony 
formation of hSGSCs with day. At day 5, a large single colony was formed, (b) Morphology of hSGSCs derived from the single colony 
under phase-contrast microscopy, (c) Proliferation assay. Isolated human salivary gland cells proliferated rapidly, (d) Isolated cells were 
evaluated with regard to cell surface marker expression by fluorescence-activated cell sorting. Bar, 100 jam. 
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Figure 2 Human salivary gland stem cells (hSGSCs) have mesenchymal stem cell (MSC)-like differentiation potential, (a) Adipogenic 
differentiation of hSGSCs determined by staining with Oil Red 0. (b) Adipogenic gene expression was confirmed by reverse transcriptase- 
PCR (RT-PCR) after 3 weeks of differentiation, (c) Osteogenic differentiation of hSGSCs determined by staining with Alizarin Red. 
(d) Osteogenic gene expression was confirmed by RT-PCR after 3 weeks of differentiation, (e) Chondrogenic differentiation of hSGSCs 
determined by staining with Alcian Blue, (f) Chondrogenic gene expression was confirmed by RT-PCR after 3 weeks of differentiation. 
P-Actin was used as a loading control. Age, aggrecan; BSP, bone sialoprotein; Colli, collagen type II; LPL, lipoprotein lipase; 
OC, osteocalcin; PPARy, prol iterator-activated receptor-y; Runx2, runt-related transcription factor 2. Bar, 200 jam. 
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Figure 3 Human salivary gland stem cells (hSGSCs) were differentiated into amylase-expressing cells, (a) Experimental schedule for 
differentiation into amylase-expressing cells, (b) After 21 days of differentiation, amylase protein expression was detected by western 
blotting with an anti-amylase antibody, (c) After 21 days of differentiation, amylase RNA expression was detected by reverse 
transcriptase-PCR analysis, (d) Immunocytochemistry analysis was conducted to confirm amylase protein expression. Bar, 100 urn. DAPI, 
4 / -6-diamidino-2-phenyl indole. 



immunocytochemistry using an anti-amylase antibody. Amy- 
lase-expressing cells were found at day 21 (Figure 3d). These 
results suggest that the isolated MSC-like hSGSCs can be 
differentiated into acinar cells and potentially could be used 
for cell therapy of hyposalivation. 

Amelioration of body weight loss and reduced saliva flow 
rate in radiation-damaged animals by transplantation of 
MSC-like hSGSCs 

Isolated hSGSCs were differentiated into amylase-expressing 
cells as described above. To determine whether hSGSCs could 
improve salivary gland function and body weight loss in 
radiation-damaged rats, we transplanted 5 x 10 5 hSGSCs into 
the damaged salivary gland by intra- glandular injection and 
evaluated the body weight and saliva flow rate. Figure 4a 
shows that the body weight of radiation-damaged rats (IR + 



phosphate-buffered saline group) decreased gradually until day 
7, after which it increased for 60 days. In the transplanted 
group (IR + hSGSCs), the body weight increased to a greater 
extent than it did in the phosphate-buffered saline group 
(Figure 4a), and the saliva flow rate increased by twofold 
(Figure 4b). These findings support that transplantation of 
hSGSCs can functionally rescue the radiation- damaged sali- 
vary gland. 

Histopathological analysis of radiation-damaged salivary 
gland tissue 

We evaluated the salivary gland acinar and duct structure by 
hematoxylin and eosin staining, and we examined the com- 
position of muco substances, such as glycoproteins, glycolipids 
and mucins, in the salivary gland by periodic acid-Schiff s base 
staining. The parenchyma of the salivary gland in untreated 
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Figure 4 Salivary glands damaged by radiation were functionally regenerated by human salivary gland stem cell (hSGSC) transplantation, 
(a) Body weight loss was ameliorated by hSGSC transplantation at 60 days, (b) Saliva flow rate was measured at 60 days. The hSGSC- 
transplanted group showed increased saliva secretion relative to the phosphate-buffered saline (PBS)-treated group. n = 3 with more than 
triplicate experiments; *P<0.05. 
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Figure 5 Histopathological analysis of radiation-damaged and intact salivary gland tissue, (a-c) Hematoxylin and eosin (H&E) staining. 
The black box shows a magnified region, (d-f) Periodic acid-Schiffs base (PAS) staining, (a and d) Intact control salivary gland, (b and e) 
Irradiated salivary gland, (c and f) Human salivary gland stem cell (hSGSC)-transplanted irradiated salivary gland. Bar, 100 urn. 



control rats was compact (Figure 5a). In contrast, numerous 
vacuoles and a disrupted acinar structure were present in 
irradiated salivary glands (Figure 5b). Rat salivary glands 
transplanted with hSGSCs showed a compact acinar structure 
similar to that of undamaged normal rat tissue (Figure 5c). 
Similarly, mucosubstance distribution was also restored by 
hSGSC transplantation (Figures 5d-f). To examine the inhibi- 
tion of apoptosis by transplantation, we conducted the 
TUNEL assay. One week after irradiation of the salivary gland, 
the number of apoptotic cells increased substantially relative to 
the non- irradiated control (Figures 6a and b), whereas 
apoptotic cells were not observed in the group transplanted 
with hSGSCs. 

To determine whether the transplanted hSGSCs were 
successfully engrafted at the injected site, we performed 
immunostaining using the hNuclei antibody at 60 days post- 
transplantation. Transplanted hSGSCs were detected by the 
hNuclei antibody in the salivary gland tissue (Figures 6d-f). 



Taken together, these data demonstrate that radiation- 
induced damage of the salivary gland was ameliorated 
structurally and functionally by transplantation of mesench- 
ymal-like hSGSCs. 

DISCUSSION 

To our knowledge, this study is the first to show a culture 
system of 4-5 weeks for isolating hSGSCs without cell surface 
marker selection. We confirmed the therapeutic effect of these 
cells on radiation- damaged salivary gland hypofunction. 
Several groups have reported cell surface markers for isolation 
of hSGSCs. Sato, Rotter and Feng identified adult stem cells 
from the human salivary gland that expressed CD49 and Thy-1 
and could be differentiated into pancreatic endocrine pheno- 
type, had mesenchymal characteristics, and expressed c-kit, 
respectively. 28-30 Recently, isolated MSCs have been suggested 
to contain heterogeneous cell populations; 31-33 therefore, 
many researchers have isolated and purified MSCs by using 
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Figure 6 Human salivary gland stem cell (hSGSC)-transplanted tissues showed reduced apoptosis and engraftment of human cells, 
(a-c) Terminal transferase-mediated dUTP nick-end labeling (TUNED staining. The black box shows a magnified region, (d-f) Anti-human 
nuclei staining, (a and d) Intact control salivary gland, (b and e) Irradiated salivary gland, (c and f) hSGSC-transplanted irradiated salivary 
glands. Bar, 100 u,m. PBS, phosphate-buffered saline. The significance of arrows were not determined. 



fluorescence-activated cell sorting. However, we obtained a 
homogenous cell population without marker sorting. Our 
homogeneously purified MSC-like SGSCs efficiently 
differentiated into three mesenchymal lineages (Figures lb 
and 2) and amylase- expressing cells (Figure 3). 

To overcome radiation- induced hyposalivation, various 
therapeutic methods have applied in patients based on the 
use of cytokines or small molecules such as pilocarpine or 
amifostine to increase the secretion of saliva. 34,35 However, 
pilocarpine treatment is associated with side effects, such as 
excessive sweating, chills, dizziness, excessive tearing, flushing, 
voice change, stuffy nose, tremor, nervousness and 
diarrhea. 36 ' 37 Adult stem cell therapy may provide an 
alternative without side effects. Recently, we isolated a 
population of oc6[3l + /c-kit + endodermal stem cells from rat 
salivary glands that could be differentiated into amylase- 
expressing cells and pancreatic cells, 38 and we demonstrated 
the regeneration potential of these cells after transplantation to 
radiation -damaged rat salivary glands. Therefore, adult stem 
cell transplantation may be useful for functional regeneration 
of radiation-damaged salivary glands. 

In this study, we isolated highly proliferative and multi- 
potent mesenchymal-like stem cells from the human salivary 
gland (hSGSCs), and showed that these cells ameliorated 
hypofunction of radiation-damaged salivary glands in rats 
after transplantation. Even though the isolation methods for 
hSGSCs are similar to those for rat endodermal SGSCs, the 
surface markers and differentiation capacities are different. For 
example, Thy-1, which is a marker for hematopoietic stem 
cells, 39 MSCs, 40 keratinocyte stem/progenitor cells 41 and 
endometrial stem/progenitor cells, 42 was not expressed by rat 



SGSCs. In addition, rat SGSCs did not differentiate into three 
mesenchymal cell lineages (data not shown). Taken together, 
our findings therefore suggest that the major populations of 
stem cells able to regenerate of salivary gland tissue are 
different between humans and rats. 

This is the first report of functional regeneration of salivary 
gland tissue by using salivary gland tissue-specific mesenchy- 
mal-like stem cells, although Rotter et al isolated MSC-like 
stem cells from human parotid gland tissue for the first time in 
2008. 29 Further studies will address whether hSGSCs are useful 
for the treatment of other organs. 
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